Background Contractile function of the ex vivo, isolated left atrium (LA) has been described by a time-varying elastance, but this atrial chamber property has not been shown in vivo.
Background Contractile function of the ex vivo, isolated left atrium (LA) has been described by a time-varying elastance, but this atrial chamber property has not been shown in vivo.
Methods and Results Instantaneous LA pressure-volume (P-V) relations were studied in 12 anesthetized, autonomically blocked, atrially paced dogs. LA volume was calculated from orthogonal sonomicrometer pairs using a cast-validated formula. Data were collected during increases in LA pressure produced by a phenylephrine bolus (200 to 400 9g IV).
Isochronal P-V points from 5 beats, representing a wide range of atrial pressures, were fitted by linear regression analysis (range of R2, .92 to .99). There were significant time-dependent increases in the slopes [E(t)I and small but statistically insignificant decreases in the volume axis intercepts [Vo(t)I of the instantaneous LA P-V relations during atrial contraction; maximal elastance (Em.) occurred 29±16 milliseconds before atrial end systole (minimal LA volume). Emax was not significantly different than the slopes of either the nonisochronal end-systolic P-V relation (Ees) or the nonisochronal maximal P-to-V relation (Emaxpv): 5.5±2.8, 4.3±1.5, and 5.4±4.2 mm Hg/mL, respectively. In 7 dogs, data were collected both before and after a rapid infusion of calcium gluconate (1 to 2 g IV). Emax increased significantly with a calcium-induced increase in inotropic state (4.5±+1.6 to 5.7±+1.8 mm Hg/mL, P<.01), but the volume axis intercept was unchanged (3.6±0.7 versus 3.4+1.9, P=NS). In 4 additional dogs with heart failure (mean LA pressure, 26+6 mm Hg) produced by 3 weeks of rapid right ventricular pacing, LA stroke volume was significantly greater than and elastance determinations were similar to those of normal dogs. However, the effects of calcium infusion on LA function were attenuated in these animals.
Conclusions We conclude that (1) in the intact heart, LA contraction may be approximated by time-varying elastance with time-dependent changes in E(t) and that (2) LA systolic P-V relations using either the nonisochronal maximum P-to-V ratio or end systole may be useful as an estimate of Emax, are highly linear and sensitive to calcium-induced changes in inotropic state, and may be useful in identifying LA chamber adaptation to 
Experimental Protocol
Autonomic blockade was accomplished using propranolol (1 mg/kg IV) and atropine (0.02 to 0.04 mg/kg IV).19 Constant heart rate was achieved by atrial pacing; the pacing rate was selected to eliminate competing rhythms and to permit separation of active (booster pump) from passive atrial emptying.
Hemodynamic and dimensional data were recorded under steady-state baseline conditions and during abrupt increases in left atrial pressure and volume generated by bolus infusion of phenylephrine (200 to 400 ,ug IV) (see Fig 1) . In 7 dogs, data were acquired both before and after a rapid intravenous infusion of calcium gluconate (1 to 2 g in 50 mL of 5% dextrose in water). Adequate time was allowed between interventions for hemodynamic and dimensional variables to return to baseline. All data were acquired with the respirator turned off at end expiration.
To determine the reproducibility of elastance determinations, multiple (three) left atrial pressure-volume loops were generated in 5 additional animals. Instrumentation was identical to that described in the larger study.
In 4 additional dogs, protocols were performed after myo- 
Data Analysis
The left atrial dimension signals were analyzed as follows (Fig 2a) . Left 
where E(t) is time-varying elastance, Vo(t) is the volume axis intercept, and P(t) and V(t) are instantaneous isochronal pressure and volume, respectively. Data 
Results

Time-Varying Elastance
Phenylephrine boluses produced a wide range of left atrial peak systolic and left ventricular systolic and diastolic pressures (Table 1 ). An analog recording during a phenylephrine bolus is shown in Fig 1, and the nonisochronal pressure-volume relations either at atrial end systole (4.3±1.5 mm Hg/mL) or at the time of maximal pressure-to-volume ratio (5.4±4.2 mm Hg/ mL). Similarly, there were no significant differences between the volume axis intercept of the isochronal maximal systolic pressure-volume relation (3.8±1.3 mL) and the intercepts of the nonisochronal pressurevolume relations either at atrial end systole (3.3±1.1 mL) or at the time of maximal pressure-to-volume ratio (3.3±1.4 mL). As seen in Fig 5, 
Discussion
There are two principal findings of this study. First, the instantaneous pressure-volume relation of the intact left atrium may be approximated as a time-varying elastance with time-dependent changes in E(t), and second, maximal atrial systolic elastance (Emax) is highly linear and sensitive to changes in inotropic state. These findings confirm and extend observations in the isolated, supported left atrium. 16 In that study, linearity and time-dependence of E(t) and Vo(t) during atrial systole were demonstrated using computer-simulated left atrial loading conditions. Time dependence of E(t) and Vo(,) has also been reported in the isovolumically contracting isolated right atrium.23 However, our study is the first to demonstrate time-varying elastance behavior of the left atrium in the intact circulation. Moreover, we showed that left atrial systolic pressure-volume relations are highly linear in atria subjected to chronic hemodynamic overload (despite increased atrial end-systolic volumes). Although we did not specifically test for the load sensitivity of atrial systolic elastance, relative load independence of chamber elastance has been shown in the physiologically loaded, isolated left atrium. 16 Instantaneous pressure-volume relations are used extensively in physiological studies and to a lesser extent in clinical investigations to characterize ventricular contractility. Because of the relative simplicity in its derivation, end-systolic elastance (Ees), a modification of maximal elastance, is most often used. However, there is considerable debate regarding the linearity and reproducibility of Ees.2224 The linearity of the atrial systolic pressure-volume relation in our study was evident from the high correlation coefficients of the linear curve fits. We also tested for curvilinearity by fitting end-systolic pressure-volume data to a second-order polynomial22; the zero coefficient of the squared term of quadratic curve fits indicated that were no significant deviations from linearity. It is likely, however, that curvilinearity exists at extremes of left atrial pressure and inotropic states that were not included in our analyses. Elastance determinations were highly repeatable, consistent with reproducibility of the Ees relation for both the left24 and the right ventricle.25 To minimize errors due to potential nonlinearity and the sensitivity of regression parameters to small changes in pressure-volume data,26 it is important to compare slopes and intercepts within an individual over a common, wide loading range.
An important finding of our study is that left atrial systolic pressure-volume relations using either the nonisochronal maximal pressure-to-volume ratio or end systole may be useful estimates of Emax. POST CALCIUM LA Volume (ml)
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LA Volume (ml) and was the simplest to derive. In dogs with heart failure, there was a nonsignificant trend toward increasing Ema. with calcium infusion, despite significant calcium-induced increases in Bes and Em,/,. This apparent lack of concordance between isochronal and nonisochronal parameters probably reflects the small number of animals studied that had pacing-induced heart failure. Further studies are needed to determine whether these nonisochronal modifications of the time-varying elastance model describe accurately atrial contractility over a wider range of loading conditions and inotropic
states.
An interesting finding of our study is that calcium infusion was associated with a change in the shape of the atrial pressure-volume loop (Fig 6) . At baseline, atrial ejection continued beyond peak atrial systolic There is controversy over whether time-varying elastance is a property fundamental to cardiac muscle or to the complex organization of the cardiac chamber. In isolated cat trabecula, the shape of the isochronal "pressure-volume" relation was time dependent, and Emax was dependent on the history of contraction (ie, load).28 Although it is likely that the pressure-volume relation is influenced by shortening deactivation and viscoelastic effects in the intact heart, the similarity in time-varying elastance between the right ventricle and left atrium, ie, chambers with vastly different chamber geometries, fiber orientations, and wall thicknesses, suggest that time-varying elastance is a property fundamental to cardiac muscle.
Critique of the Methods
The limitations of a time-varying elastance approach to characterize cardiac chamber contractility are well known. [24] [25] [26] Despite its shortcomings, however, timevarying elastance may provide a useful theoretical framework for understanding left atrial contractile performance. The linearity, reproducibility, relative load independence, and sensitivity to altered inotropic state provide considerable advantages over currently used methods of assessing atrial function.
Phenylephrine boluses were used to define left atrial pressure-volume relations. We blocked the reflex adrenergic and muscarinic effects on heart rate and left atrial performance using pacing, propranolol, and atropine. In the isolated, perfused left ventricle, Ee, was insensitive to a wide range of computer-simulated arterial impedances.29 In another study, phenylephrine decreased the slope of the nonisochronal left ventricular end-systolic pressure-dimension relation, but not isochronal Ema.30 However, in these studies, there was a small but significant leftward shift of Vo. In contrast, Freeman et a131 have shown in conscious dogs that the method (eg, inferior vena cava occlusion, angiotensin II, and methoxamine infusions) used to generate the obligatory range of data points influences both the slope and intercept of end-systolic pressure-volume relations. These variable results may be the result of the influence of altered arterial loading on the timing of end systole, which affects Ees (and other nonisochronal slope determinations) to a greater extent than Emax. 32 Alternatively, nonlinearity of the pressure-volume relation at the extremes of pressure and volume may produce an apparent shift of the pressure-volume relation. Regardless of the cause, it is important to interpret cautiously end-systolic pressure-volume relations that are derived using different methods of load alteration and that are constructed from points with different ranges of pressure and volume.
Instantaneous atrial pressure-volume analysis requires accurate estimates of dynamic left atrial volume with high temporal resolution. In the present study, we calculated left atrial volume using two nearly orthogonal sonomicrometer pairs on the body of the left atrium. We recently demonstrated the validity of this technique.17 Although this validation was based on geometric assumptions of left atrial volume at the time of mitral valve opening, changes in atrial circumference are generally symmetrical.33 Because absolute atrial volumes were not used in this study, our values for elastance cannot be compared with values reported for the left and right ventricles. However, elastance values computed using left atrial volume regression constants17 were similar to those reported in the isolated left atrium. '6 A potential limitation is that studies were performed in anesthetized, open chest animals. Recent studies suggest that end-systolic pressure-volume relations of the left ventricle may be variable in conscious animals.34 Thus, our results should be extrapolated to the conscious animal with caution. Although studies were performed with an open pericardium, the left atrial enddiastolic dimension-shortening relation is unaffected by pericardiectomy.35
Finally, sonomicrometers were necessary for determination of atrial elastance; sonomicrometry is highly invasive and not suited for clinical use. Currently there are no clinically applicable methods for left atrial volume determination that have sufficient temporal resolution for pressure-volume analyses. Therefore, until a relatively noninvasive method of measuring continuous atrial volume with high sampling frequency is developed, the clinical usefulness of atrial elastance remains in question.
Clinical Implications
The importance of the atrial booster pump is dependent on the timing of atrial systole, venous return, vagal stimulation, left ventricular end diastolic pressures, and left ventricular functional reserve.3,59 Despite considerable study, the atrial contribution to left ventricular filling and cardiac output remains controversial, especially in patients with abnormal left ventricular performance.9 This is due, in part, to a lack of indices that characterize atrial performance independent of left atrial end-diastolic volume (an estimate of atrial preload) and left ventricular diastolic pressure (an estimate of atrial afterload). The clinical relevance of the atrial systolic contribution to left ventricular filling is underscored by the considerable interest in dual-chamber pacemakers that maintain atrioventricular synchrony and by the attempts to restore and maintain atrial systole in patients with atrial fibrillation. In addition, although studies have suggested an increase in atrial systolic function in patients with ischemic and hypertensive disease,3,8,36,37 few have accounted for variable degrees of atrial myocardial contractile dysfunction. Therefore, a reproducible and relatively load-independent measure that is sensitive to changes in atrial contractility should clarify the contribution of atrial booster pump function to cardiovascular performance. Our study suggests that despite its shortcomings, approaches based on time-varying elastance behavior of the left atrium may be useful to describe left atrial contractile behavior in situ. Finally, the analytical framework of the pressure-volume relation affords the opportunity for studying energetic aspects of atrial work in a manner analogous to the left ventricle. 
